Quantitative measures of adiabatic lapse rate, equilibrium line altitude (ELA), and accumulation-area ratio (AAR) are important to understand the hydrological processes and conduct hydrological modeling in a highly glaciated watershed. We present a detailed analysis of temperature data from 21 climatic stations, hypsometric analyses of glacier distributions, and a method to analyze ablation gradients and runoff curves concurrently to quantify these parameters for the watersheds of the Upper Indus Basin (UIB), with 15,062 km 2 of glacierized area and an elevation range of 361-8,611 m.
INTRODUCTION
In mountainous river basins, where melt water from seasonal and perennial snow and ice cover forms an integral component of the river discharge, an understanding of the hydrological processes and hydrologic modeling requires quantitative models of altitudinal variations of temperature.
When such basins have significant glacierized areas, the equilibrium line altitude (ELA) is a useful parameter to depict the link between glacier mass balance and climate change. The ELA is widely used to infer present and past climatic conditions (e.g., Andrews ; Porter , ) and is an important climate descriptor for a glacierized watershed's summer air temperature and winter precipitation.
Another parameter of great importance in the descriptions of hydrological processes on glaciers is the accumulationarea ratio (AAR), which is the ratio of the area of accumulation zone to the total glaciated area. This ratio is necessary to perform glacier mass balance calculations (e.g., see Appendix B in Mukhopadhyay & Khan ) . In most cases, particularly in rugged and remote terrains, these parameters are largely unknown due to difficulties in obtaining sufficient field-based observations that lead to the estimations of these parameters. In this paper, we provide the estimates of these parameters for the Upper Indus Basin (UIB).
UIB is among the most melt water-dependent river basins worldwide. The Upper Indus River originates at an elevation of about 5,166 m above sea level (asl) in the remote region of western Tibet and flows in a general northwest direction between the Zanskar, Greater Himalayas and the Karakoram . Consequently melt water from glaciers, and perennial and seasonal snow cover, forms the dominant constituent of the river flows in UIB. Mukhopadhyay & Khan () have shown that glacial melt far outweighs snowmelt in the rivers draining the Karakoram and Zanskar ranges. According to their estimates, in the Karakoram, the annual glacial melt proportion varies from 43 to 50% whereas snowmelt varies from 27 to 31%.
On the other hand, snowmelt dominates over glacial melt in the rivers draining the western Greater Himalayas and the Hindu Kush. Here, the snowmelt percentage in river discharge varies from 31 to 53%, whereas that of glacial melt ranges from 16 to 30%. In the main stem of the Upper Indus River, the snowmelt fraction in most cases is slightly greater than the glacial melt fraction. In the main stem, the snowmelt percentage ranges from 35 to 44% whereas the glacial melt percentage ranges from 25 to 36%. The Upper Indus River just upstream of the Tarbela Reservoir carries annual flows constituted of 70% melt water, of which 26% is contributed by glacial melts and 44% by snowmelts.
In this paper, we present models of altitudinal variation of temperature in UIB where the variations of elevation are remarkably great. Archer () has examined this problem.
However, the data used in his study are mostly from the climatic stations that are located at valley floor elevations.
Since then, further data have become available not only from these stations but also from several stations placed at higher elevations more recently. These datasets provide an opportunity to reexamine this problem, to better define the variation of temperature as a function of space, season, and altitude within this river basin, which in turn may help to better refine the snowmelt models of UIB developed previously (e.g., Mukhopadhyay & Dutta ; Tahir et al.
).
The ELA is best determined by careful measurements of specific balance quantities at many points on the glacier surface, so that reasonably reliable isolines of zero balance may be drawn (Braithwaite & Müller ) . Such measurements have been carried out on relatively few glaciers in the Karakoram Range and, even then, for only a few years (e.g., Wake ; Hewitt ). In this paper, we develop an innovative approach using hydrological methods to estimate the ELA within various watersheds of UIB. We also provide the estimations of the AAR in these watersheds from estimates of glacierized areas and the ELA.
DATA
We have collected temperature data from the existing climatic stations maintained and operated by two official authorities of Pakistan, one in India and another in China (Table 1) . Therefore, these data are from reliable sources and are of good quality as described below.
We have collected temperature data from 21 climatic stations (Table 1) The other datasets we have used include data related to topography, snow covered areas, glacier cover, and river flows. These data are described in Khan et al. () , Mukhopadhyay (, ), and Mukhopadhyay & Khan (a, b, ) .
THE MAJOR WATERSHEDS OF UIB
One of the major tributaries of the Upper Indus is the Shyok River, which originates from the eastern Karakoram Range. Two other major rivers, namely the Nubra, originating from Siachen Glacier, and the Hushey, which flows from Masherbrum glacier in the Karakoram, feed the Shyok with melt water. The Zanskar River and Shingo River, both of which originate from the western ranges of the Greater Himalayas, nourish the main stem of the Indus, before its confluence with the Shyok. Downstream of the confluence of the Indus and the Shyok, the major rivers that contribute to the flows in the Indus are Shigar, carrying melt water from various glaciers in the central Karakoram; Hunza, carrying melt water from the western Karakoram; Gilgit/ originating from the Hindu Kush; and Astore, originating from the Burzil Pass in the western extreme of the Greater Himalayas. Therefore, nine major watersheds constitute UIB (Figure 1) . Table 2 provides the basic data on these Figure 2 shows the monthly average temperatures (T Av ) at the existing climate stations at different elevations, based on various periods of record (see Table 1 two stations at different elevations. We have used the differences in daily maximum and minimum temperatures at two different stations for a given month of a year, and the elevation difference between these two stations, to calculate maximum and minimum lapse rates. Then we calculated monthly average values from daily values. We have selected conjugate stations to calculate the value of the adiabatic lapse rate, given as:
ALTITUDINAL VARIATION OF TEMPERATURE
where, T s2 and T s1 represent the monthly average temperatures at station 1 and 2, respectively; and Z s1 and Z s2
represent the elevations of station 1 and station 2, respectively.
The pair that produces the most reasonable results is org/RGI/). These areas are estimated for glaciers only. The accuracy is assumed to be 90%
(error bars at 10%).
The extents of glaciers in the elevation range have been derived from the SRTM DEM by overlying the RGI 3.0 glacier maps on it. Station pairs and period of records.
Gilgit: Gilgit-Schandur (1995 -2005 ; Hunza: Naltar-Khunjerab (1999-2010); Shigar: Shigar-Khunjerab (1999 -2010 . Shyok: Skardu-Hushey (1999 -2010 ; Astore: Astore-Burzil (1999 -2010 ; Shingo: Skardu-Deosai (1999 -2010 .
Kharmong: Leh-Demchok (1978 -1990 . This elevation for a watershed is calculated as:
where, FLA is the elevation of the 0 W C isotherm, λ a is the monthly average temperature lapse (used with a positive sign) rate in that watershed, Z S is the elevation of a base station within that particular watershed, and T a S is the monthly average temperature as measured at this base station. 
ESTIMATION OF ELAS
Normally, accumulation increases and ablation decreases with increasing elevation. As defined by Cogley et al.
(), the ELA is a spatially averaged line on the glacierized surface where accumulation equals ablation and specific mass balance is zero (Figure 4) . Note that during the summer melting season, FLA ! ELA (Figure 4) . From Figure 4 , it can be seen that ablation gradient (α g ), a concept introduced by Haefeli (), is given by:
where, x m is the ice melt water (in terms of water equivalent)
produced at an elevation Z (<FLA) on a glacierized surface.
The ablation gradient can be measured from detailed field 
16-29%. In the tributaries, the annual contributions of M2
vary from 37% to as high as 65%. Similarly, the annual contributions of M1 in the tributaries vary from as low as 12 to 34%. Thus, the relative importance of flows originating from the high altitudes far overweighs those originating from the mid altitudes in river runoff within UIB.
Here we introduce the concept of the runoff curve for the M2 component, a mixture of snow and glacial melts, given as:
where, Z denotes elevation, Z for, Z > Z E , q z > x m , which is not possible, but for
Therefore, only up to elevation Z E is melt produced that contributes to runoff. In other words, Z E closely represents the upper limit of the ablation zone. Therefore, we set
It should be pointed out that the linear ablation gradient, as obtained from application of Equation (3) We have calculated the ablation and runoff curves for each of the major watersheds of UIB (Figure 1 ) to derive the ELA within the respective watersheds for both of the months of July and August. Table 5 Table 5 .
Different researchers have also estimated various values
of ELA in this terrain (Table 6) 
ESTIMATION OF AARS
We have extracted AARs for various watersheds, using lower and upper limits of ELAs, RGI v 3.0 glacier inventory, and the SRTM DEM. First, we have selected the lower limit of the ELA in a watershed and estimated the glacier area above it, using RGI and DEM data, and then divided it by the inventory-based total glacierized area of the same watershed. This computation has resulted in defining the upper limit of AAR. Similarly, we have used the upper limit of the ELA to estimate the lower limit of the AAR. Table 7 gives the list of AAR values within the individual watersheds.
DISCUSSION
In this paper we have developed an innovative approach using hydrological methods to estimate the ELA for the principal watersheds of UIB. We have developed this method after establishing the FLA in the watersheds from calculations of adiabatic lapse rates and using the concepts of the ablation gradient and runoff curve. Due to the presence of intrinsic uncertainties in the input data, we ascribe 15-20% errors to the estimates provided in this study. No analytical expression can be developed linking the independent and dependent variables. Therefore, straightforward application of an error propagation formula cannot be The ablation gradient and runoff curve have inverse relationships in an X-Z space. The ablation gradient is a theoretical curve that is mostly a rate function of temperature that increases with decreasing elevation. The runoff curve, on the other hand, is the curve that is based on the observed runoff amount, which increases with increasing elevation. Greater runoff is generated at higher elevation because of two principal reasons. First, the glacierized In accordance with the variation of ELA, the AAR also 
